Abstract Inducible microRNAs (miRNAs) perform critical regulatory roles in central nervous system (CNS) development, aging, health, and disease. Using miRNA arrays, RNA sequencing, enhanced Northern dot blot hybridization technologies, Western immunoblot, and bioinformatics analysis, we have studied miRNA abundance and complexity in Alzheimer's disease (AD) brain tissues compared to age-matched controls. In both short post-mortem AD and in stressed primary human neuronalglial (HNG) cells, we observe a consistent up-regulation of several brain-enriched miRNAs that are under transcriptional control by the pro-inflammatory transcription factor NF-kB.
Introduction

MicroRNA
Single-stranded nucleic acids known as microRNAs (miRNAs) represent an evolutionarily conserved class of RNA polymerase II or III (RNA Pol II, RNA Pol III) generated 21-23 nucleotide, small non-coding RNAs (snRNAs) involved in the post-transcriptional regulation of gene expression. While our understanding on the neurobiological mechanism and relevance of miRNA signaling continues to evolve, it is currently widely accepted that the major mode of miRNA action is to regulate gene expression through an imperfect base-pairing with the 3'-untranslated region (3'-UTR) of target messenger RNAs (mRNAs), and depending on this sequence complementarity within an RNA-induced silencing complex (RISC), results in either reduction or inhibition in the translation of the target mRNA, and hence the down-regulation in the expression of that mRNA's genetic information [1] [2] [3] [4] [5] [6] . Upregulated mammalian miRNAs, therefore, predominantly act to decrease their target mRNA levels, and down-regulated miRNAs may be a reflection of post-mortem artifacts due to rapid miRNA decay, especially in the analysis of human postmortem brain tissues [5] [6] [7] [8] [9] [10] . While the potential contribution of snRNA to the regulation of brain gene function has been known for over 20 years [11] , more recently, there has been an explosion into molecular-genetic and epigenetic research involving the neurobiological function of these snRNAs in brain development, aging, health, acute injury, and chronic disease [2, [12] [13] [14] [15] [16] [17] [18] . To date, virtually all CNS metabolic, neurochemical, endocrine, and signaling processes that are reliant on mRNA-based gene expression are now known to involve direct modulation by CNS miRNAs. The focus of this review will be the miRNA-125b-mediated down-regulation in the expression of 15-lipoxygenase (15-LOX) and the vitamin D receptor (VDR) in Alzheimer's disease (AD) and in related models of progressive, age-related inflammatory degeneration of the human CNS.
miRNA and Alzheimer's Disease Many laboratories have independently analyzed miRNA abundance, speciation, and complexity in various anatomically relevant regions of the AD brain at various stages of AD, and in modeling systems such as those employing human brain cells stressed with AD-relevant stressors, including interleukin-1 beta (IL-1β), tumor necrosis factor alpha (TNFα), the 42 amino acid amyloid-beta (Aβ42) peptide, neurotrophic viruses such as herpes simplex-1 (HSV1), and neurotoxic, environmentally abundant, reactive oxygen species (ROS)-generating metal sulfates [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . Resulting patterns of miRNA expression have been analyzed using DNA arrays, miRNA arrays, RNA-sequencing, Northern dot blot hybridization technologies, ELISA, Western immunoblot, and bioinformatics analysis [12] [13] [14] [15] [16] [17] [18] . No clear "universal" consensus on what miRNAs are specifically altered in abundance in AD has emerged to date, and this may be a reflection of a number of factors including (a) the initial accuracy of the diagnosis of AD; (b) the drug and medication history of the AD patient, and selection of controls; (c) post-mortem and brain-freezing or tissue-storage effects; (d) problems associated with tissue acquisition and processing, pre-mortem, agonal, and concurrent disease effects; (e) the type of analytical techniques used; (f) methods of bioinformatics analysis; (g) the anatomical region of the brain analyzed; and (h) intrinsic human genetic, epigenetic, and biochemical individuality [7, 8, 19, 20] . A genuine concern of using post-mortem tissues are that miRNAs are rapidly degraded so a down-regulated miRNA may be, in part, a reflection enhanced miRNA decay, especially in long post-mortem delay pathological tissues [5] [6] [7] [8] [9] [10] . Differential miRNA abundances in AD may also be an indication of differential gene expression patterns between individuals, sometimes referred to as "human biochemical and genetic individuality"; such variability might have bearing on an individual's susceptibility to AD onset, development, and disease course [15] [16] [17] [18] [19] [20] [21] [22] [23] . For example, one recent study showed that African Americans, who in general appear to be more susceptible to AD and exhibit a more intense clinical course, also had significant increases in specific miRNAs in their brains when examined post-mortem, including up-regulated miRNAs known to drive critical aspects of AD pathology [20] . Alexandrov et al.'s rigorous analysis of carefully controlled very short post-mortem interval AD brains, extracellular fluid (ECF), and cerebrospinal fluid (CSF) showed that a selective subset of miRNAs that includes miRNA-9, miRNA34a, miRNA-125b, miRNA-146a, and miRNA-155 are significantly increased in AD brain hippocampal CA1, temporal lobe neocortex, ECF, and CSF, and that these same miRNAs are also induced in human brain cells in primary culture when stressed with AD-relevant stressors (Fig. 1) [21] [22] [23] . AD-relevant stressors include pro-inflammatory cytokines and neurotoxic peptides known to be overly abundant in AD-affected brain cells and tissues, and these include the CNS-resident cytokines IL-1β, TNFα, Aβ42 peptides, or complex mixtures of these noxious reagents. AD-relevant stressors also include neurotrophic viruses such as HSV-1 and the ubiquitous, environmentally abundant neurotoxin aluminum [6, 13] . Interestingly, the up-regulated miRNAs that in turn down-regulate their mRNA targets is in line with the progressive down-regulation of gene expression as is observed by multiple laboratories in the AD brain [24] [25] [26] [27] . Another notable point is that this quintet of up-regulated miRNA is under transcriptional regulatory control by RNAP II and the pro-inflammatory transcription factor NF-kB [28] [29] [30] [31] . NF-kB has long been known to exhibit a generalized up-regulation in AD brain tissues and in other neurological diseases with a progressive, inflammatory, neurodegenerative component [28] [29] [30] . As discussed further below, anti-NF-kB strategies have been shown in vitro to effectively quench pathogenic miRNA induction; the extrapolation of these NF-kB-inhibitory techniques to animal models awaits further investigation, as does translation and the potential use of NF-kB inhibitors directed toward the clinical management of AD [31] .
Inducible, NF-kB-Sensitive miRNA Expression
Because the pro-inflammatory transcription factor NF-kB has been reported to be overly abundant in AD-affected tissues and is, in general, an extremely potent pro-inflammatory gene activator [28] [29] [30] [31] , it was perplexing to formulate a hypothetical mechanism when so many brain-essential genes have been found to be down-regulated in sporadic AD tissues by several independent investigators [24] [25] [26] [27] . Indeed, roughly two thirds of all expressed genes are observed to be downregulated in the hippocampal CA1, superior temporal neocortex, or other neocortical regions in moderate-to-advanced sporadic AD [24] [25] [26] [27] . A hypothesis was formulated that NFkB activates the transcription of several relatively abundant miRNAs, including miRNA-125b [28] [29] [30] [31] , and the upregulation of this miRNA subfamily is ultimately responsible for the down-regulation of brain essential genes as is observed not only in sporadic AD tissues but also in AD cell culture models undergoing AD-relevant stress [10, 13, 15] . Indeed, pro-inflammatory cytokines and peptides such as IL-1β, TNFα, Aβ42 peptides, as well as HSV-1 and aluminum, are potent activators of both NF-kB and perhaps not too surprisingly NF-kB-sensitive miRNAs [6, 13, [28] [29] [30] [31] [32] .
Up-regulated miRNA-125b Has Multiple Pathogenic Effects
Of the up-regulated miRNAs observed in AD tissues and in stressed human primary brain cells, miRNA-125b is an extremely abundant and inducible snRNA that is under transcriptional control by NF-kB [30] [31] [32] . Up-regulated miRNA125b has been shown to target and down-regulate many phagocytic-, synaptogenic-, and neurotrophism-relevant genes [37] [38] [39] [68] [69] [70] [71] . These include decreased expression of 15-LOX and VDR, by virtue of miRNA-125b recognition features in the 3'-untranslated region (3'-UTRs) of target 15-LOX and VDR mRNAs ( Fig. 2; see below) . The result of miRNA-125b up-regulation and targeting such selective gene expression systems and AD-relevant neurological targets is further associated with multiple neurological dysfunctions including hypoxic-ischemic brain damage [33] , astrogliosis in sporadic AD [34] , and glial cell proliferation, both in AD and in glioma and glioblastoma [35] . Interestingly, 15-LOX and VDR are significantly down-regulated in [Aβ42+IL-1β]-stressed HNG cells (Fig. 3) . Another miRNA-125b related, early event in AD appears to be the miRNA-125b-mediated down-regulation of complement factor H (CFH), a key repressor protein in complement activation and the innate immune response of the brain [36] . In this mechanism, miRNA-125b appears to act alone or in concert with other NF-kB-sensitive, pro-inflammatory miRNAs to stimulate a pathogenic proinflammatory response [36, 39] . Progressive miRNA-125b-mediated down-regulation of CFH has been shown to occur in AD brain hippocampal CA1 and the superior temporal lobe neocortex, and correlate with an enhancement in proinflammatory signaling and disruption of the innate immune response of the aging AD brain [13, [37] [38] [39] . The abundance and ubiquity of miRNA-125b up-regulation in AD brain tissues and in stressed HNG cells may be particularly significant because this pro-inflammatory miRNA is also abundant in AD-derived extracellular fluid (ECF) and cerebrospinal fluid (CSF), suggesting paracrine signaling capabilities and potential for spreading miRNA-125b-mediated neuropathology throughout the CNS.
miRNA-125b Is Up-regulated in AD ECF and CSF Besides variations in specific miRNA abundance in AD cells and tissues, several independent research groups have identified potentially pathogenic miRNAs in human extracellular fluid (ECF; the interstitial fluid that surrounds brain cells), CSF, blood serum, and other secreted bodily fluids, Fig. 1 Up-regulated AD-relevant miRNAs regulated by NF-kB; primary HNG cells were treated with an AD-relevant, NF-kB-inducing cocktail of Aβ42 peptide (5 μM; Sigma-Aldrich) plus human recombinant interleukin-1β (IL-1β; 10 nM; I4019, Sigma-Aldrich Chemical, St. Louis, MO, USA); Aβ42 peptides were prepared by hexafluoroisopropanol (HFIP) evaporation-dimethyl sulfoxide-solubilization method as previously described [10, 38, 39] . Confirmation of selective miRNA induction and NFkB sensitivity was obtained using (a) RNA sequencing; (b) LED-Northern dot blot and/or (c) RT-PCR analysis [10, 38] ; (d) by inhibition of this induction using specific NF-kB inhibitors CAPE, CAY10512, and PDTC [10, 38, 63] ; and (e) by bioinformatics analysis of functional NF-kB binding sites in the promoters of the genes that encode these inducible miRNAs [10, 38, 59] . A small family of five miRNAs including miRNA-9, miRNA-34a, miRNA-125b, miRNA-146a, and miRNA-155 was found to be up-regulated in both stressed HNG cells and in high-quality total RNA isolated from short post-mortem AD brain; note that hsamiRNA-128 is an example of a variably up-regulated miRNA; miRNA-183 is an internal control miRNA that is neither up-nor down-regulated after induced stress; N =5; other up-regulated miRNAs showed modest up-regulation but are not discussed further here [10, 38, 63] underscoring their potential for paracrine effects and the potential transmission of disease-carrying ribonucleic acid signals [15, 20, 21] . Importantly, miRNA-125b is very highly expressed in brain anatomical regions including the entorhinal neocortex and hippocampal CA1 where AD is thought to originate, in the ECF that surrounds hippocampal and neocortical brain cells, in the CSF that circulates throughout the CNS, and in the plasma of patients suffering from AD and other neurological disorders such as spinocerebellar ataxia type 3/Machado-Joseph disease (SCA3/MJD) and human prion diseases [15, 20, 32, 34, [40] [41] [42] .
miRNA-125b and AD-Relevant Targets Involved in Neurotrophism
15-lipoxygenase (15-LOX) and the DHA-NPD1 Conversion
The lipoxygenase (LOX) enzymes represent a small family of iron-containing, membrane-peripheral, or membrane-integral proteins which dioxygenate unsaturated fatty acids, thus (a) initiating the synthesis of membrane-derived signaling molecules; (b) inducing membrane-structural and cellular metabolic changes; and (c) supporting the lipoperoxidation of membranes [44] [45] [46] [47] . Brain-and retinal-abundant LOX enzymes in mammals include 5-LOX (EC 1.13.11.34), 12-LOX (EC 1.13.11.31), and 15-LOX (EC 1.13.11.33), classified with respect to their positional specificity of the deoxygenation of their primary substrate arachidonic acid (AA). The lipoxygenases also utilize other unsaturated fatty acid as primary substrates and these include docosahexaenoic acid (DHA) [46] [47] [48] .
Age-related deficiencies in the abundance of DHA, normally a major component of brain and retinal phospholipids and an essential omega-3 fatty acid required for brain and retinal development and health, is significantly associated with cognitive decline in AD and retinal dysfunction in agerelated macular degeneration (AMD). Multiple studies indicate that lipid peroxidation targets phospholipids containing highly unsaturated fatty acids such as DHA, and the DHA content in AD brain is significantly reduced [46, 47] . Normally, a novel DHA-derived, anti-apoptotic, and neuroprotective 10,17S-docosatriene known as neuroprotectin D1 (NPD1) is generated from unesterified DHA via the action of a 15-LOX [45, 46] . Several studies have shown that increases in the abundance of miRNA-125b in AD brain tissues is associated with decreased 15-LOX expression and decreased abundance of NPD1 (Figs. 3 and 4) [43] [44] [45] [46] . Hence, miRNA-125-mediated decreases in 15-LOX and deficits in DHA-derived NPD1 may attenuate homeostatic anti-apoptotic and neuroprotective gene expression programs that normally modulate anti-inflammatory signaling and promote brain and retinal cell survival. Interestingly, 15-LOX, acting as a key agent in phospholipid metabolism and physiological membrane remodeling, has been further implicated in the pathogenesis of atherosclerosis, inflammation, immune tolerance, and carcinogenesis [45] [46] [47] [48] .
Vitamin D and the Vitamin D Receptor
Collectively, cell culture, animal modeling, and clinical data support the idea that 1,25 dihydroxy vitamin D 3 [1, 25-(OH) 2 D 3 ; cholecalciferol; vitamin D 3 ] and the vitamin D receptor (VDR) perform critical roles in brain cell detoxification, differentiation, inflammation, neuroplasticity neuroprotection, neurotransmission, and prominently, neurotrophism [49] [50] [51] [52] [53] [54] [55] [56] [57] [58] [59] [60] [61] . The VDR is co-localized to both neurons and astroglia, and enzymes linked to vitamin D metabolism, including vitamin D-dependent synthesis of neurotrophic factors and neurotransmitters that are highly expressed in the CNS, including dopamine and serotonin, influence neurotransmitter systems implicated in behavior, mood, motivation, and memory [53] [54] [55] . Neuroprotective and immunomodulatory effects of vitamin D and the VDR have been described in several experimental models, indicating the potential value of this essential, fatsoluble lipophilic hormone and its pharmacological analogs in the treatment of neurodegenerative and neuroimmune diseases that include AD [49] [50] [51] [52] [53] [54] [55] . Interestingly, vitamin D has shown benefit in clinical trials for AMD and the combination of memantine and vitamin D significantly prevents axon degeneration induced by amyloid-beta and glutamate, a proposed underlying contributory mechanism to the AD process [57, 58] . Very recent clinical trials involving DHA and vitamin D have demonstrated considerable therapeutic potential for cancer, cardiovascular disease, epilepsy, and neurodegenerative disorders [59] [60] [61] .
Neurobiological actions of vitamin D are regulated through the VDR (also known as the calcitriol receptor or NR1I1; nuclear receptor subfamily 1, group I, member 1) and 4 Taken together, recent findings define in part a highly interactive network of NF-kB-sensitive, up-regulated miRNAs in stressed human brain cells and AD brain that can explain much of the observed neuropathology in AD. The CNS-abundant, miRNA-125b is a central member of this upregulated miRNA group that may be in part responsible for driving deficits in phagocytosis (TREM2), innate immune signaling and chronic inflammation (IkBKG, CFH), impairments in neurotransmitter packaging and release (SYN-2), and neurotrophism (15-LOX, VDR). Other NF-kB-sensitive upregulated miRNAs (such as miRNA-146a) appear to be responsible for the observed deficits in CFH and the innate immune response, NF-kB regulation (IRAK-1, IRAK-2) and/or amyloidogenesis (TSPAN12) (see text); these upregulated miRNAs and down-regulated mRNAs form a highly integrated, pathogenic miRNA-mRNA signaling network resulting in gene expression deficits in sporadic AD that may be self-perpetuating due to chronic reactivation of NF-kB stimulation perhaps through the involvement of deficits in IkBKG signaling [10, [72] [73] [74] [75] . Inhibition of the NF-kB initiator or individual blocking of the pathogenic induction of these five miRNAs may provide novel therapeutic approaches for the clinical management of AD, however what NF-kB or miRNA inhibition strategies, or whether they can be utilized either alone or in combination, remain open to experimentation (see Fig. 5 ). Extensive recent data in human brain cells in primary culture has indicated that these approaches may neutralize this chronic, inducible, progressive pathogenic gene expression program to re-establish brain cell homeostasis, and ultimately be of novel pharmacological use in the clinical management of AD represent a prominent member of the superfamily of nuclear steroid hormone receptors [50] [51] [52] [53] [54] . Upon complexation with vitamin D, the VDR forms a heterotypic dimer with the retinoid-X receptor that subsequently binds to vitamin D responsive elements (VDREs) in the regulatory regions of target genes throughout the genome, with this multimeric complex functioning as a trans-acting transcriptional activation factor [49] [50] [51] [52] [53] [54] [55] [56] [57] [58] [59] [60] [61] . Yokoi's group and others have demonstrated that the VDR expression is under regulatory control by miRNA-125b, and up-regulated miRNA-125b drives the down-regulation of the VDR via a productive miRNA125b-VDR mRNA-3'-UTR interaction (Fig. 1) [49] . As for 15-LOX protein, VDR protein abundance is down-regulated in stressed human brain cells (Fig. 3 ) and in AD (unpublished observations). Interestingly, loss-of-function polymorphisms in the VDR gene are linked to increased incidence of AD in several independent studies [49] [50] [51] [52] [53] . The miRNA-125b-mediated regulation of VDR expression underscores that nuclear receptors to which brain hormones, such as vitamin D, bind as a ligand, may be critically regulated by miRNAs, culminating in changes in nuclear receptor sensitivity and the down-regulated expression of a variety of VDRassociated target genes in complex miRNA-mRNA regulatory networks in the brain and retina [61] [62] [63] [64] [65] [66] [67] [68] [69] [70] [71] .
Other Disease-Relevant miRNA-125b-mRNA Targets Due in part to the ubiquity of miRNA-125b abundance in the brain, it is perhaps not too surprising that miRNA-125b upregulation has been shown to be involved, in part, in the down-regulated expression of an important family of brainessential genes. These include the miRNA-125-mediated down-regulation of (a) the triggering receptor for expression in microglial/myeloid cells (TREM2) essential in amyloid peptide phagocytosis; (b) the NF-kB essential modulator (NEMO) also known as inhibitor of nuclear factor kappa-B kinase subunit gamma (IKK-γ) encoded by the IKBKG gene; (c) the synaptic vesicle phosphoprotein synapsin-2 (SYN-2), a key modulator of neurotransmitter release across the presynaptic membrane; (d) a 15-lipoxygenase (15-LOX) involved in the conversion of docosahexaenoic acid (DHA) to the highly neurotrohic neuroprotectin D1 (NPD1); (e) the nuclear steroid hormone VDR; and (f) the innate immuneregulatory protein complement factor H (CFH) (Fig. 4) [10, 38, [68] [69] [70] [71] . Interestingly, because miRNA-125b is inducible, and under strong transcriptional control by NF-kB, it might be predicted that any disease-associated biophysical or physiological stressor that activates NF-kB in the cell (see below) may also activate miRNA-125b, the select mRNA family that miRNA-125b targets, and their subsequent pathology-associated effects. These actions may be amenable to pharmacological intervention using either anti-NF-kB and/ or anti-miRNA-125b therapeutic strategies (Fig. 5) .
Anti-NF-kB Versus anti-miRNA-125b Strategies
As research into human miRNA speciation, complexity, and biological activity continues to progress, it has emerged that highly selective subsets of all so-far-characterized miRNAs utilized by human cells and tissues are under complex RNA polymerase II (RNA Pol II) or RNA Pol III transcriptional control, just as are the transcription of protein-encoding mRNAs and small RNAs. As fore-mentioned, miRNA-125b is just one prominent member of a highly selected, miRNA subset under inducible transcriptional control by the proinflammatory and immune system-linked transcription factor NF-kB [38, 39] . This ubiquitously expressed proinflammatory transcription factor is comprised by a~20-member family of heterodimeric DNA-binding proteins, including the relatively common p50-p65 complex, that normally resides in a "resting state" in the cytoplasm [72] [73] [74] [75] . The kinetics of the induction of NF-kB-sensitive pro-inflammatory miRNAs by each of these~20 NF-kB family members is currently incompletely understood, but they might be expected to be highly relevant in inflammatory and immune signaling in the CNS in health and disease. Cellular NF-kB p50-p65 activation via phosphorylation of the NF-kB inhibitor IkB is stimulated by wide array of AD-relevant physiological Fig. 5 Western analysis; recovery of 15-LOX and VDR expression using anti-miRNA-125b or anti-NF-kB treatment strategies in vitro; ADrelevant stress (a cocktail of Aβ42+IL-1β; see Fig. 1 ) reduces 15-LOX and VDR protein levels to respectively 0.25-and 0.35-fold of their control, homeostatic levels in primary HNG cell co-cultures [10, 39, 66] ; while a control scrambled anti-miRNA-125b (AM125b.sc) has no effect on restoring protein levels (black bars), a fully antisense, protected anti-miRNA125b (AM125b; light gray bars) restores expression levels to near control levels; for ease of comparison, a dashed horizontal line at 1.0 indicates pre-stress (control) levels for 15-LOX and VDR; similarly the NF-kB inhibitors pyrollidine dithiocarbamate (PDTC; medium gray bars) and the polyphenolic resveratrol analog trans -3,5,4'-trihydroxy-stilbene CAY10512 (dark gray bars) [10, 38, 39] show near equal restoration of 15-LOX and VDR signals back to homeostatic (control) levels; these data and recently published findings indicate that anti-miRNA (AM, antagomir) and/or anti-NF-kB therapeutic strategies may be useful in restoring homeostatic gene expression in AD; N =3; *p <0.01 (ANOVA); see also text and Figs. 1 and 3 stressors including pathogenic elevations in inflammatory cytokines and chemokines, Aβ42 peptides, hypoxia, ionizing radiation, viral infection, neurotoxic metal sulfates, reactive oxygen and nitrogen species (ROS, RNS), and other ADrelevant stressors that are associated with diet, lifestyle, and environmental factors [6, 13, [62] [63] [64] [65] [66] . The inducible upregulation of the NF-kB-sensitive miRNA-125b is by virtue of multiple, NF-kB-DNA binding, and other recognition sites located in the transcriptional regulatory regions of the miRNA-125b (chr 11q24.1) [10, 30, 31, 67] . In progressive neurodegenerative diseases such as AD and AMD, stresstriggered up-regulation of these NF-kB-induced miRNAs appears to be playing pathogenic roles in the down-regulation of brain-essential mRNAs, and the initiation and propagation of pathological gene expression that coincide with the disease process [30, 31] . NF-kB-mediated up-regulated miRNAs and down-regulated mRNA targets thereby form a highly integrated, pathogenic NFkB-miRNA-mRNA signaling network that can explain much of the observed neuropathology in progressive, inflammatory brain degenerations such as AD. These collectively include deficits in phagocytosis [68, 71] , synaptogenesis [28] [29] [30] [31] 67] , amyloidogenesis [70] [71] [72] [73] [74] , NF-kBmediated innate immune signaling and chronic inflammation [38, 69] , impairments in neurotransmitter packaging and release, and deficits in neurotrophic signaling (Fig. 4) [70, [72] [73] [74] . The selective inhibition of the gene regulatory actions of NF-kB and specific NF-kB-sensitive miRNAs therefore seems a reasonable therapeutic strategy toward neutralizing their combined and integrated effects in progressive, age-related neurological diseases with an innate immune and inflammatory component.
Ever since NF-kB's original description in 1986, several hundred NF-kB inhibitors, both natural and synthetic, have been developed to inhibit various aspects of NF-kB-mediated gene activation in this complex signaling network [72] [73] [74] [75] . However, constitutive NF-kB signaling is also homeostatic to many aspects of normal brain function, and essential to the control of cell proliferation, apoptosis, innate and adaptive immunity, the chronic inflammatory, and related stress response [71] [72] [73] . NF-kB activation is also an important part of a cellular recovery process that may protect brain cells against ROS, RNS, or brain trauma-induced apoptosis and induced neurodegeneration, hence antagonism of NF-kB may reduce an intrinsic potential for neuroprotective activity in brain cells [71] [72] [73] [74] [75] . Put another way, NF-kB-inhibition strategies may be maximized only when NF-kB-stimulated effects have surpassed a critical threshold that are together seriously detrimental to the normal homeostatic function of CNS cells and tissues. It is still problematic and pharmacologically difficult to minimize the complicating effects of NF-kB inhibition on essential, low-level homeostatic NF-kB function, and undesired off-target effects [75] .
Anti-miRNA (AM, antagomir) approaches on the other hand appear to be much more target-efficient, and a stabilized single-stranded, anti-miRNA ribonucleotide with sequence 100 % homologous complementary to the target miRNA will inhibit that target miRNA with extremely high efficacy, including miRNA-125b and its 15-LOX and VDR mRNA 3'-UTR targets (Figs. 4 and 5) [13, [37] [38] [39] . The introduction of imperfections into base-pair complementarity between the anti-miRNA ribonucleotides and the target pathogenic miRNA results in only a partial inhibition of the miRNA with a tailored "throttle-down" of miRNA-mediated effects, and could be used as a therapeutic strategy of "variable efficacy" [13, 31, 36-39, 62-67, 71] . Interestingly, it has recently been shown that miRNAs may also target and regulate other noncoding RNAs including non-canonical targets [76] [77] [78] . It is becoming increasingly clear that the appropriate clinical application of these anti-NF-kB or anti-miRNA strategies requires a more intimate understanding of the specific NF-kB and miRNA mechanisms responsible for their activation pathway in different CNS cell types, definition of the optimal point of intervention in the NF-kB or miRNA activation pathway, and the characterization of potent and specific inhibitors of the chosen NF-kB or miRNA targets including an evaluation of undesired off-target effects. The differential pharmacological utilization of either anti-NF-kB or anti-miRNA each has its own merits and detriments, and has been the subject of several recent more in depth papers and focused reviews [28] [29] [30] [31] [72] [73] [74] [75] .
Summary
AD is currently the most prevalent age-related neurodegenerative disease in our society, representing the leading cause of progressive cognitive decline, intellectual impairment, and memory loss in our aging population. To date, no effective pharmacological therapy is available to prevent, delay, or cure this insidious, multifactorial brain disease. miRNAs are an evolutionarily conserved class of endogenous snRNAs that participate in the regulation of almost every disease process so far investigated, and inducible, up-regulation of their expression has a profound effect on the down-regulation of their target mRNAs, and hence, the expression of the genetic information contained within those mRNAs. The complex network of miRNA signaling and the regulatory potential of miRNA families in the CNS in development, aging, health, and disease are just beginning to become understood, and appreciated in its depth and scope. Novel epigenetic approaches for AD, including anti-NF-kB or anti-miRNA strategies, may be useful as an efficacious AD treatment strategy. Abundant miRNAs, such as miRNA-125b, in the ECF, CSF, and blood plasma suggest that genetic regulatory information carried by miRNAs might be spread to other cells and tissues of the CNS by cerebrospinal, cerebrovascular, and systemic circulatory routes. Attenuation of miRNA signals from these bodily fluids, either by preventing their initial generation using anti-NF-kB strategies or by using anti-miRNA approaches may be useful for stemming the spread of AD-relevant signals and the attenuation of progressive inflammatory neurodegenerative disease, even if an effective cure for AD cannot be found. Lastly, our comprehensive understanding of neurodegeneration, memory loss, and intellectual impairment will not be achievable without elucidating the role of miRNAs in nonneuronal cells such as microglia, endothelial cells that line the cerebrovasculature, and other CNS cell types that contribute to the structure, function, and complex signaling intricacies of the neurovascular unit [79, 80] . This may be especially important because pro-inflammatory miRNAs such as miRNA125b appear to carry unique pathogenetic signaling information across plasma membrane and cellular barriers to drive AD-type pathology in adjacent brain cell types.
